Introduction {#S1}
============

DNA replication machinery is responsible for accurate and efficient duplication of the chromosome. Inhibition of DNA replication can cause replication fork stalling, resulting in DNA damage and apoptotic death. Therefore, inhibitors of DNA replication proteins have been commonly used in anti-cancer for decades \[[@R1], [@R2]\]. Indeed, a broad spectrum of DNA-damaging agents, including alkylating agents, platinum drugs, topoisomerase inhibitors (irinotecan and etoposide), gemcitabine, and 5-fluorouracil have been used in the treatment of cancers \[[@R3], [@R4]\]. Additionally, various chemicals that target DNA damage response, such as Chk1 inhibitors (UCN-01, LY2606368, and AZD7762), and ATR inhibitor (AZD6738), and PARP1 inhibitor (Olaparib) either have been or are being actively developed as anti-cancer agents in monotherapy and in combinatorial therapies \[[@R4]\].

Ribonucleotide reductase (RNR) catalyzes the rate-limiting step in the biosynthesis of dNTPs, which are essential for DNA replication and DNA damage repair \[[@R5]\]. RNR consists of two RRM1 subunits and two RRM2 subunits \[[@R6]\]. The relevance of RRM2 to cancer is underscored by the fact that RRM2 is overexpressed in gastric, ovarian, bladder and colorectal cancers \[[@R7]--[@R11]\], and that RRM2 overexpression contributes to gemcitabine resistance in human oral \[[@R12]\] and pancreatic \[[@R13]\] cancer cells. Furthermore, overexpression of RRM2 in breast cancer cells causes resistance to tamoxifen \[[@R14]\]. Therefore, inhibitors of RRM2, such as hydroxyurea (HU), 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (3-AP, Triapine) and antisense GTI-2040, are currently used to treat chronic myelogenous leukemia and head and neck cancer \[[@R15], [@R16]\]. Targeting RRM2 is also a strategy for overcoming gemcitabine resistance \[[@R17]\]. For example, COH29 (a RRM2 inhibitor currently in a phase I clinical trial) inhibits the growth of cancer cells that are resistant to HU and gemcitabine \[[@R18], [@R19]\]. Another RRM2 inhibitor, GW8510, has been reported to suppress colorectal cancer growth \[[@R20]\]. Together, these studies demonstrate that RRM2 is an important target for the development of novel anticancer drugs \[[@R5]\]. RRM2B is one small subunit of RRM2, which is induced by p53 and required for DNA repair and mtDNA synthesis \[[@R21], [@R22]\].

Resveratrol (3,5,4'-trihydroxy-*trans*-stilbene) is a natural stilbene produced by plants in response to stressful insults, such as fungal infection and UV irradiation \[[@R23]\]. It has been shown that resveratrol acts as an antioxidant and inhibits a number of factors, including low density lipoproteins (LDL) \[[@R24]\], insulin-like growth factor-1 (IGF-1), IGF-binding protein-3 (IGFBP-3) \[[@R25]\], Sirt3 \[[@R26]\], mTOR complex 1 (mTORC1) \[[@R27]\], CYP1A1, CYP1A2, and CYP1B1 \[[@R28], [@R29]\]. Resveratrol is also reported to reduce the activity of ribonucleotide reductase \[[@R30]\]. Since the first demonstration of resveratrol's anti-cancer activity by Jang *et al* \[[@R31]\], hundreds of studies have confirmed the anti-cancer activity of resveratrol in cells derived from a wide variety of cancers, including colon cancer, liver cancer, neuroendocrine tumor, multiple myeloma, and prostate cancer \[[@R32]\]. Resveratrol was shown to have synergistic effects with cisplatin or gemcitabine on several cancers, including pancreatic cancer cells \[[@R33]\], non-small cell lung cancer cell \[[@R34], [@R35]\], and ovarian cancer cells \[[@R36]\]. In addition, synthetic resveratrol analogues have been developed with more efficacious anti-cancer activity. One such analog, DMU-212 (3,4,5,4'-tetramethoxystilbene), has been demonstrated to be effective against colon and ovarian cancer cells \[[@R37]--[@R39]\]. Another analog, DHS (4,4'-*trans*-dihydroxystilbene), is more effective than resveratrol at inhibiting the growth of human promyelocytic leukemia cells, and the transformation of murine fibroblasts, MCF7 human breast cancer cells, human neuroblastoma cells, and the metastasis of human lung cancer cells \[[@R40]--[@R45]\]. However, the mechanism by which DHS inhibits cell proliferation and induces apoptosis remains unknown.

In this study, we compared the anti-cancer activity of DHS with that of resveratrol and several synthetic resveratrol analogs against a panel of human cancer cell lines. The results revealed DHS as the most potent growth inhibitory member of this group against a broad spectrum of cancer cells. At the molecular level, DHS binds directly to RRM2 in cells, resulting in cyclin F-mediated degradation of RRM2 by the proteasome. This degradation reduced cellular RNR activity, resulting in decreased synthesis of dNTPs, inhibition of DNA replication, DNA damage, S-phase arrest, and finally apoptosis. In addition, DHS inhibited cancer cell proliferation synergistically with gemcitabine and cisplatin, and DHS was effective against gemcitabine-resistant pancreatic cancer cells and cisplatin-resistant ovarian cancer cells, both *in vitro* and *in vivo*. Thus, DHS is a promising anti-cancer agent that inhibits DNA replication by targeting RRM2 directly.

Results {#S2}
=======

Resveratrol and its analogs inhibit cell proliferation {#S3}
------------------------------------------------------

Resveratrol inhibits cell proliferation in a variety of cell types, but the IC~50~ values were relatively high. For example, the IC~50~ values for resveratrol on HCT116 coloncarcinoma, U2OS osteosarcoma and MDA-231adenocarcinoma cell lines were approximately 24.47 ± 3.32 μM, 30.21 ± 4.22 μM, and 42.41 ± 4.90 μM, respectively ([Fig. 1b](#F1){ref-type="fig"}). To identify more potent compounds that inhibit cell proliferation, we synthesized five analogs of resveratrol based on the structure similarity ([Fig. 1a](#F1){ref-type="fig"}). Among these analogs, DHS was consistently and much more inhibitory on cancer cell proliferation (2.30 ± 0.78 μM, 1.23 ± 0.73 μM, 5.32 ± 3.38 μM, respectively) than resveratrol ([Fig. 1b](#F1){ref-type="fig"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Interestingly, DHS was also able to inhibit proliferation of non-cancer cells, including hTert-RPE1, hTert-BEAS-2B, and hTert-HCA2 with IC~50~ values at 19.61 ± 2.23 μM, 10.49 ± 1.23 μM, and 7.53 ± 1.63 μM, respectively.

Clonogenic assays on HCT116 cells revealed that DHS was approximately 10 times more effective than resveratrol ([Fig. 1c](#F1){ref-type="fig"}). Although the analogs 1-5 also had inhibitory effect on cell proliferation, their IC~50~ values vary greatly according to cell types ([Fig. 1b](#F1){ref-type="fig"}). Therefore, inhibition of cell proliferation by DHS became the primary focus of this study.

The inhibitory effect of DHS on the proliferation of 42 cell lines derived from 9 cancer types obtained from the NCI Development Therapeutics Program was markedly 10 to 25-time more effective than resveratrol ([Fig. 1d](#F1){ref-type="fig"}). These results revealed DHS as a potent and general inhibitor of cell proliferation.

DHS inhibits DNA synthesis and blocks cell cycle at S-phase {#S4}
-----------------------------------------------------------

The effect of DHS on progression of HCT116 cells through the cell cycle were striking. DHS at 10 μM induced a robust arrest of cells in S-phase, whereas resveratrol at the same concentration had no effect ([Fig. 2a](#F2){ref-type="fig"}). These results suggested that DHS inhibited DNA replication. To test this hypothesis, DNA in HCT116 cells was labeled *in vivo* with BrdU in the presence or absence of DHS. Fluorescence activated cell sorting (FACS) was used to quantify the extent of BrdU incorporation into DNA. These results revealed that a 20-minute treatment with DHS reduced DNA synthesis in a dose-dependent fashion in proportion to the fraction of cells arrested at S-phase ([Fig. 2b](#F2){ref-type="fig"}). Thus, DHS inhibited cell proliferation by inhibiting DNA synthesis at S-phase, thereby arresting cell proliferation.

DHS induces DNA damage and apoptosis {#S5}
------------------------------------

To determine whether or not DHS also induces DNA damage, we examined the expression of pChk1 (Ser345) by Western blotting. Treatment of HCT116 cells with 5 to 10μM DHS for as brief as 20 minutes resulted in a robust accumulation of pChk1 (Ser345), whereas the same concentrations of resveratrol and resveratrol analogs 1 through 5 ([Fig. 1a](#F1){ref-type="fig"}) had no such effect ([Fig. 2c](#F2){ref-type="fig"}). In addition, the modified comet assay with alkaline single cell electrophoresis revealed that DHS induced a significant number of double-strand DNA breaks ([Fig. 2d](#F2){ref-type="fig"}), which was confirmed by the presence of high levels of γH2AX in the nuclei of HCT116 cells that had been treated with 10 μM DHS for 12 hours ([Fig. 2e](#F2){ref-type="fig"}).

DNA damage in cells if unrepaired generally causes apoptosis. DHS apparently induced apoptosis, as evidenced from our quantitative FACS analysis of DHS-treated cells stained for Annexin V ([Fig. 2f](#F2){ref-type="fig"}). In contrast, treatment of HCT116 cells with resveratrol at the same concentrations, had negligible effects on apoptosis ([Fig. 2f](#F2){ref-type="fig"}). Taking together, these findings demonstrated that DHS induced inhibition of DNA synthesis, which resulted in the blocking of DNA replication, S-phase arrest, DNA damage, and finally apoptosis.

DHS inhibits dNTP synthesis by downregulating RRM2 {#S6}
--------------------------------------------------

Since DHS suppresses DNA replication, treatment of cells with DHS might inhibit synthesis of the deoxyribonucleoside triphosphates (dNTPs) needed for DNA replication and DNA damage repair. Therefore, the effect of DHS on the levels of dNTPs was quantified in HCT116 cells. The results revealed that DHS induced a dose-dependent decrease in the dATP level in the cells ([Fig. 3a](#F3){ref-type="fig"}) that was fully evident within two hours ([Fig. 3b](#F3){ref-type="fig"}). Moreover, the levels of dTTP were as sensitive to DHS as were the levels of dATP ([Fig. 3b](#F3){ref-type="fig"}). In contrast, dCTP level was less reduced but the reduction was nevertheless still significant and the reduction in the level of dGTP was only marginal. We further found that DHS (10 μM) significantly suppressed the levels of dATP while resveratrol did not affect the level of dATP at the same dose (10 μM, [Fig. 3c](#F3){ref-type="fig"}). These results suggested that RNR, the enzyme that catalyzes the rate-limiting step in the synthesis of dNTPs, was the target through which DHS inhibited DNA synthesis. RNR is composed of two RRM1 and two RRM2 subunits \[[@R6]\], and DHS did, in fact, reduce the levels of both subunits ([Fig. 3d](#F3){ref-type="fig"}), suggesting that DHS decreased RNR activity, which resulted in decreased synthesis of dNTPs.

DHS binds to RRM2 directly {#S7}
--------------------------

Gemcitabine is known to bind RRM1 \[[@R46], [@R47]\] and HU to RRM2 \[[@R48]\]. To determine whether DHS physically binds to RRM1 or RRM2 or both, cells were subjected to a thermal shift assay \[[@R49]\]. The thermal shift assay compares the thermal stabilization of a purified protein in ligand-free and ligand-bound states, because ligand-free proteins are more readily denatured than ligand-bound proteins at high temperatures. Thus, proteins tightly bound to the ligand of interest are recovered in the soluble fraction after cell lysis and can be detected by quantitative Western blotting \[[@R49]\].

The results from this experiment confirmed that treatment of HCT116 cells with gemcitabine increased the thermal stability of RRM1, and that treatment with HU caused increased thermal stability of RRM2 ([Fig. 4a](#F4){ref-type="fig"}). In contrast, DHS treatment had no effect on the thermal stability of RRM1 and PCNA protein, a loading control in which DNA bound PCNA retained thermal stability ([Fig. 4a](#F4){ref-type="fig"}). However, DHS treatment increased the thermal stability of RRM2 when cells were pre-treated with the proteasome inhibitor MG132 for one hour ([Fig. 4a](#F4){ref-type="fig"}). It appeared that the effect of DHS on RRM2 stability was dose-dependent ([Fig. 4b](#F4){ref-type="fig"}). These results strongly suggested a specific physical interaction between DHS and RRM2.

The above findings were also validated by applying the thermal shift assay to purified recombinant human RRM2 protein. Purified RRM2 was incubated either with 10 μM DHS or with 500 μM HU for 4 hours before thermal shift assays were performed. Bovine serum albumin (BSA) was used as a loading control. The results demonstrated that both HU and DHS stabilized RRM2 protein, whereas neither HU nor DHS stabilized BSA ([Fig. 4c](#F4){ref-type="fig"}).

A putative binding site in RRM2 protein for DHS was identified through simulation of drug-protein interaction using the virtual docking analysis technique ([www.dockingserver.com](http://www.dockingserver.com)) and the RRM2 protein structure in the PDB database (2UW2) \[[@R50]\]. Simulation analysis suggested that DHS binding to RRM2 involved residues Val146, Ser150, Gln151, Thr156, Arg159, Cys160, and Ile166 and with an estimated binding free energy of −2.91 kcal/mol ([Fig. 5a](#F5){ref-type="fig"} and [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). This region possesses a ferritin-like superfamily structure and contains 20 amino acid residues from Glu147 to Ile166 ([Fig. 5b](#F5){ref-type="fig"}) that are highly conserved in the human, mouse, rat, chicken, dog, monkey, and fly ([Fig. 5c](#F5){ref-type="fig"}). Therefore, a Flag-tagged mutant human RRM2 gene was constructed in which the codons for the Glu147-Ile166 sequence were deleted. We ectopically expressed these genes in cells and assessed how DHS affected their expression levels by Western blotting and cellular thermal shift assays. DHS treatment reduced the steady-state level of full-length Flag-RRM2 protein but not that of Flag-ΔRRM2 mutant protein ([Fig. 5d](#F5){ref-type="fig"}). Similarly, DHS treatment increased the thermal stability of full-length Flag-RRM2 but not that of the Flag-ΔRRM2 protein ([Fig. 5e](#F5){ref-type="fig"}). To further confirm the interaction sites, we mutated 4 amino acid residues (Val146, Ser150, Gln151, and Ile166) to alanine (donated as Flag-4A-RRM2). DHS treatment did not enhance the thermal stability of the Flag-4A-RRM2 protein ([Fig. 5e](#F5){ref-type="fig"}), indicating that Val146, Ser150, Gln151, and Ile166 residues are critical for DHS to interact with RRM2.

DHS induces RRM2 protein degradation via cyclin F-mediated proteasome degradation pathway {#S8}
-----------------------------------------------------------------------------------------

To investigate whether the proteasome was involved in DHS-induced down-regulation of RRM2, cells were treated with DHS either in the absence or presence of MG132. The results showed that MG132 prevented DHS from down-regulating both RRM2 and RRM1 ([Fig. 6a](#F6){ref-type="fig"}), indicating DHS-induced degradation of RRM2 by the proteasome. Co-downregulation of RRM1 by DHS suggested that the stability of RRM1 depends on RRM2. To test this hypothesis, cells were transfected with siRNA against either RRM1 or RRM2. The results confirmed that RRM2 knockdown resulted in down-regulation of RRM1 as well, and that RRM1 knockdown also decreased the level of RRM2 at protein level but at not mRNA level ([Fig. 6b](#F6){ref-type="fig"}; [Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}). Therefore, the stabilities of RRM2 and RRM1 were interdependent.

The ubiquitination status of RRM2 was evaluated in Flag-RRM2 expressing cells. Ubiquitinated FLAG-tagged RRM2 was not detected in the absence of either DHS or MG132, but in the presence of DHS alone, there was significant amount of ubiquitinated FLAG-RRM2 with concomitant reduction in RRM2 ([Fig. 6c](#F6){ref-type="fig"}). Moreover, the amount of ubiquitinated FLAG-RRM2 was higher in the presence of both DHS and MG132 without a reduction in the amount of RRM2 ([Fig. 6c](#F6){ref-type="fig"}), indicating that DHS induced ubiquitination of RRM2 and degradation of RRM2 by the proteasome.

Previous studies have reported that RRM2 was ubiquitinated by Cyclin F, a substrate recognition component of the ubiquitin ligase CRL1 \[[@R51]\], suggesting that cyclin-F might be required for DHS-induced proteasome-mediated degradation of RRM2. In fact, the extent of DHS-induced RRM2 down-regulation was greatly reduced by siRNA induced knockdown of cyclin F ([Fig. 6d](#F6){ref-type="fig"}). Moreover, the viability of RRM2-depleted cells in the presence of DHS increased ([Fig. 6e](#F6){ref-type="fig"}), suggesting that RRM2 is one of the major targets of DHS. Consistently, DHS treatment increased the interaction between cyclin F and RRM2 ([Fig. 6f](#F6){ref-type="fig"}). Taken together, the above results indicated that DHS-induced down-regulation of RRM2 protein required cyclin F-mediated ubiquitination of RRM2 followed by proteasome-dependent degradation of the ubiquitinated RRM2.

Resistance to gemcitabine and HU is overcome by DHS-induced suppression of RRM2 {#S9}
-------------------------------------------------------------------------------

To explore the anti-cancer potential of DHS, the anti-cancer activity of DHS alone and in combination with other anti-cancer drugs was investigated in drug-resistant cancer cells. For example, gemcitabine and HU resistance has been shown to occur during chemotherapy of human oral cancers \[[@R12]\]. The KB-Gem is derived from the human KB oral cancer cell line as a gemcitabine resistant sub-line and the KB-HU as a HU resistant sub-line. Strikingly, both drug resistant cell lines selectively overexpress RRM2 ([Fig. 7a](#F7){ref-type="fig"}). Since we found both KB-Gem and KB-HU overexpressed RRM2 ([Fig. 7a](#F7){ref-type="fig"}), we hypothesized that DHS would overcome gemcitabine and HU resistance by targeting RRM2. To test this hypothesis, we measured the synergy of combined DHS with gemcitabine or HU in resistant cells. The combination of DHS with gemcitabine exhibited high Loewe synergy scores \[[@R52]\] at most of combined dosages, indicating a good synergistic effect ([Fig. 7b](#F7){ref-type="fig"}). Consequently, we examined whether RRM2 protein levels were affected by the combinational treatments in KB-HU and KB-Gem cells by Western blotting. Strikingly, RRM2 was decreased in cells treated with DHS (10 μM), although gemcitabine treatments enhanced RRM2 levels ([Fig. 7c](#F7){ref-type="fig"}). To test whether or not DHS and HU bind to RRM2 at the same site, we conducted cellular thermal shift assay with DHS and/or HU using KB-HU cells. We found that single treatments of DHS or HU stabilized RRM2 protein, while DHS plus HU further enhanced the RRM2 thermal stability ([Fig. 7d](#F7){ref-type="fig"}), suggesting that HU and RRM2 most likely bind to RRM2 at different docking sites.

Resistance to gemcitabine in pancreatic cancer is overcome by DHS {#S10}
-----------------------------------------------------------------

RRM2 also is overexpressed in gemcitabine resistant pancreatic cancer \[[@R13]\], and survival rates of patients with high RRM2-expressing cancers compared with patients with low RRM2-expressing cancers revealed that patients with high RRM2-expressing cancers had poor survival rates ([Fig. 8a](#F8){ref-type="fig"}). We used two pairs of gemcitabine-resistance pancreatic cancer cells to demonstrate their RRM2 levels. PK-9 and RPK-9 have been report previously \[[@R53]\]. PANC-1-R was generated by long-term gemcitabine treatment from PANC-1 in cell culture and resistant to gemcitabine ([Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}). As with human oral cancers, the RRM2 expression levels in PK-9 and PANC-1 cells from pancreatic cancers were substantially lower than RRM2 levels in their gemcitabine-resistant pancreatic cancer counterparts, RPK-9 and PANC-1-R, respectively ([Fig. 8b](#F8){ref-type="fig"}). In contrast, RRM1 levels were upregulated in RPK-9 cells, but not in PANC-1-R cells ([Fig. 8b](#F8){ref-type="fig"}). Significantly, combination of gemcitabine and DHS could overcome gemcitabine resistance by showing high synergy scores in both gemcitabine resistant pancreatic cancer cells ([Fig. 8c](#F8){ref-type="fig"}). In RPK-9 cells, DHS down-regulated RRM2, whereas gemcitabine alone up-regulated RRM2, but together DHS prevented gemcitabine from up-regulating RRM2 ([Fig. 8d](#F8){ref-type="fig"}). Furthermore, combined DHS with gemcitabine enhanced apoptotic cell population in RPK-9 cells ([Fig. 8e](#F8){ref-type="fig"}).

To determine whether or not DHS and DHS plus gemcitabine had similar effects on pancreatic cancer *in vivo*, RPK-9 xenograft tumor-bearing mice were treated with vehicle, DHS (50 mg/kg), gemcitabine (100 mg/kg), or DHS plus gemcitabine for 14 consecutive days. The results showed that RPK-9 tumors were not sensitive to either gemcitabine or DHS alone. However, the combination of DHS with gemcitabine significantly inhibited the growth of RPK-9 tumors ([Fig. 8f](#F8){ref-type="fig"}). The body weights of these animals remained constant throughout these treatments, suggesting the absence of collateral toxicity ([Supplementary Fig. 3a](#SD1){ref-type="supplementary-material"}).

Resistance to cisplatin in ovarian cancer could be overcome by DHS {#S11}
------------------------------------------------------------------

Cisplatin-resistant human IGROV1 CR ovarian cancer xenografts also were sensitive to DHS, and these tumors were even more sensitive to the combinatorial treatment with DHS plus cisplatin ([Supplementary Fig. 3b](#SD1){ref-type="supplementary-material"}), suggesting a synergistic effect between DHS and cisplatin. Similar results were obtained with human HCT116 colorectal xenografts. Growth of HCT116 tumors was inhibited either by cisplatin alone or by DHS treatment alone ([Supplementary Fig. 3c](#SD1){ref-type="supplementary-material"}), but the combination of DHS plus cisplatin was even more effective at inhibiting tumor growth ([Supplementary Fig. 3c](#SD1){ref-type="supplementary-material"}). Neither the monotherapies nor the combinatorial therapy produced any significant toxicity, as judged by the absence of body weight loss during the treatments ([Supplementary Fig. 3c](#SD1){ref-type="supplementary-material"}), and by the absence of gross pathological lesions in the liver, heart, lungs, spleen or kidneys ([Supplementary Fig. 3d](#SD1){ref-type="supplementary-material"}). These results further demonstrated the anti-cancer potential of DHS, especially when applied in combinatorial anti-cancer therapies with other drugs.

Discussion {#S12}
==========

In this study, we have obtained data indicating that the resveratrol analog, DHS, is a novel inhibitor of RNR via its ability to interact with RRM2. This is an important finding because RNR is composed of two RRM1 and two RRM2 subunits, catalyzes the rate limiting step of the synthesis of dNTPs, which are essential for DNA replication and DNA damage repair \[[@R54]\]. In proliferating cells, RNR activity is regulated in a cell-cycle-dependent fashion to ensure sufficient synthesis of deoxyribonucleotides for DNA replication \[[@R55]\]. Cells maintain a constant level of RRM1 throughout the cell cycle and only up-regulates the level of RRM2 in the S-phase to ensure sufficient RNR activity \[[@R55]\]. Therefore, RNR activity is regulated through the regulation of the expression of RRM2. Based on the data we have presented, we propose that DHS binds to RRM2 and causes ubiquitination of RRM2 by cyclin F and then degradation of the ubiquitinated RRM2 by the proteasome, thereby reducing the cellular RNR activity and impairing the synthesis of deoxynucleotides, which in turn causes inhibition of DNA replication, S-phase arrest and apoptosis of cells.

In comparison to resveratrol and resveratrol analogs 1-5, DHS is unique in that it is a potent inhibitor of the proliferation of a wide spectrum of cancer cell lines ([Fig. 1d](#F1){ref-type="fig"}). The findings of this study attribute the ability of DHS to inhibit cell proliferation to its ability to target and induce down-regulation of RRM2. Our docking simulation analysis identified a binding motif for DHS in RRM2 ([Fig. 5a](#F5){ref-type="fig"} and [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). This motif contains amino acids 146-167, which is critical for DHS binding to RRM2 because deletion of this sequence results in a mutant RRM2 that no longer interacts with DHS ([Fig. 5d and e](#F5){ref-type="fig"}). Interestingly, this amino acid sequence is highly conserved in the RRM2 of different species ([Fig. 5c](#F5){ref-type="fig"}), suggesting functional importance of this sequence. Moreover, this sequence contains a conserved serine, except that it is threonine in zebrafish, and it is a putative phosphorylation site by DNAPK or ATM (<http://www.cbs.dtu.dk/services/NetPhos/>). Therefore, it raises a possibility that phosphorylation and dephosphorylation of this serine (or threonine) may differentially regulate the stability of RRM2 and hence the activity of RNR.

Over-expression of RRM2 in various cancer types, such as gastric cancer, ovarian cancer, bladder cancer, and colorectal cancers, has been documented \[[@R7]--[@R11]\]. Therefore, RRM2 appears to be a target for the development of novel anti-cancer drugs \[[@R5]\]. The anti-cancer drug gemcitabine (2',2'-difluoro-2'-deoxycytidine; dFdC) is a deoxycytidine analog and is metabolized by cells into the triphosphate form of gemcitabine, dFdCTP (2',2'-difluoro-2'-deoxycytidine triphosphate), which competes with normal dCTP to be incorporated into DNA during DNA replication \[[@R56]\]. The presence of dFdC in DNA causes DNA replication inhibition, DNA damage and apoptosis \[[@R57]\]. Metabolism of dFdC to dFdCTP depends on dCK (deoxycytidine kinase). Thus deficiency of dCK results in gemcitabine resistance \[[@R56]\]. However, another common mechanism for gemcitabine resistance is RRM2 overexpression \[[@R12], [@R58], [@R59]\]. Although RRM2 overexpression in cells does not alter the steady state level of dNTPs, having high RRM2 levels are important for cells under the conditions that limit dNTP synthesis, such as RNR inhibition by HU \[[@R60]\]. It is possible that RRM2 overexpression in gemcitabine-resistant cancer cells is a compensatory mechanism to increase the amount of dCTP to competitively inhibit the incorporation of dFdCTP into DNA, notwithstanding the fact that the expanded dCTP pool causes downregulation of the activity of dCK via a negative-feedback pathway \[[@R56]\]. Given that our results indicate that DHS inhibits growth of cancer cells regardless whether they are sensitive or resistant to gemcitabine, that DHS inhibits RNR-dependent synthesis of dNTPs, that sensitizes gemcitabine-resistant cancer cells to gemcitabine in vitro and in vivo, and that DHS and gemcitabine exhibit synergistic anti-cancer effect in vivo, it is reasonable to suggest that DHS-mediated down-regulation of RRM2 causes reduced dCTP synthesis ([Fig. 3b](#F3){ref-type="fig"}), thereby increasing the amount of dFdC to be incorporated into DNA to cause DNA damage.

Overexpression of RRM2 causes resistance to gemcitabine and other drugs. For example, it has been reported that overexpression of RRM2 in breast cancer cell causes resistance to tamoxifen \[[@R61]\]. This is because overexpression of RRM2 increases NFκB activity and the activities of numerous anti-apoptosis factors. Therefore, the clinical benefit of targeted inhibition of RRM2 by novel agents is beyond sensitization of cancer cells to gemcitabine. Thus, it is also important to recognize the anti-cancer potential of DHS in another way -- that is, the ability of DHS to synergize with cisplatin to treat cisplatin resistant and sensitive cancers in vivo. The ability of DHS to synergize with cisplatin to inhibit the growth of cancer can be explained in the following way. By causing RRM2 down-regulation, DHS reduces RNR-dependent synthesis of dNTPs in cancer cells, and consequently it reduces the cells' ability to repair cisplatin-induced DNA damage, because DNA damage requires deoxyribonucleotides. The implication here is that DHS is most likely to synergize with additional DNA-damaging anti-cancer drugs. Given that it has been reported that DHS exhibits better pharmacokinetic profile than resveratrol \[[@R62]\], we believe it is warranted that the anti-cancer activity of DHS, either in monotherapy or combinatorial therapy, be further investigated.

Materials and Methods {#S13}
=====================

Chemicals and reagents {#S14}
----------------------

Resveratrol (3,5,4'-trihydroxy-*trans*-stilbene), DHS (*trans*-4,4'-dihydroxystilbene), analog 1 (4,4'-((1E,3E)-buta-1,3-diene-1,4-diyl)diphenol), analog 2 (4,4'-((1E,3E,5E)-hexa-1,3,5-triene-1,6-dyl)diphenol), analog 3 ((E)-4-styrylphenol), analog 4((E)-4-styrylbenzene-1,2-diol), and analog 5 (4-((1E,3E)-4-phenylbuta-1,3-dien-1-yl)benzene-1,2-diol) ([Fig. 1a](#F1){ref-type="fig"}) were synthesized and their structures and purity (\>98%) were confirmed by HPLC, MS and ^1^H NMR spectroscopy, as previously described \[[@R63], [@R64]\]. Other chemicals and reagents were purchased by Sigma-Aldrich except for where is labeled.

Cell culture {#S15}
------------

HCT116, U2OS, PANC-1, MDA-231 cells were purchased from the American Type Culture Collection. Cells were cultured in the DMEM medium containing 10% fetal bovine serum, 100 Units/ml penicillin, 100Units/mL streptomycin, 29.2mg/mL L-glutamine at 37°C in a humidified atmosphere with 5% CO~2~.

PK-9 and its gemcitabine resistant line, RPK-9, were kind gifts from Dr. Yuriko Saiki \[[@R53]\]. KB cells were kind gift from Dr. Yun Yen. IGROV cells were kind of gift from Dr. Wei Zheng. The gemcitabine-resistant PANC-1-R cell line was derived from PANC-1 cell line by continuously treating cultured PANC-1 cells with gemcitabine (from 0.01, 0.03, to 0.1μM for at least two weeks). PK-9, RPK-9, KB, KB-Gem, and KB-Hu were cultured in the RPMI medium. PANC-1, PANC-1-R, and IGROV1 CR \[[@R65]\] cells were cultured with DMEM medium. hTert-RPE1, hTert-BEAS-2B, and hTert-HCA2 cells were kindly provided by Dr. Edward Seto (The George Washington University). These cells were cultured in DMEM medium.

Antibody, plasmid DNA, deletion mutant, protein, and siRNA {#S16}
----------------------------------------------------------

Details were provided in [Appendix S1 (Supplementary methods)](#SD1){ref-type="supplementary-material"}.

*In Vitro* cytotoxicity assay and qPCR {#S17}
--------------------------------------

Assays were performed as previously described \[[@R65]\]. Details were provided in [Appendix S1 (Supplementary methods)](#SD1){ref-type="supplementary-material"}.

Western blotting and flow cytometry {#S18}
===================================

Assays were performed as previously described \[[@R66]\].

Modified comet assay {#S19}
====================

HCT116 cells were incubated with DHS for either 0.5 or 24 hours. Afterward, the cells were irradiated with X-rays at the dose of 20 Gy before being harvested for alkaline single cell electrophoresis as previously described \[[@R66]\].

dNTP assay {#S20}
----------

dNTP assays were done as previously described \[[@R67], [@R68]\]. DHS or resveratrol was added at the dose of 10 μM for treatment.

Cellular thermal shift assay and *in vitro* thermal shift assay {#S21}
---------------------------------------------------------------

Cellular thermal shift assay was as previously described \[[@R49]\]. Briefly, cells were pretreated with MG132 (10 μM, 1 hour) then incubated with DHS, HU, gemcitabine, or DMSO for 4 hours. After washing with ice-cold PBS (suppled with Protease Inhibitor Cocktail, Roche), cells were aliquoted into PCR tubes (100 μL each) and then incubated at different temperatures (from 25 to 71°C) for 4 minutes. After the cells were frozen and thawed twice using liquid nitrogen, proteins were isolated from the cells after centrifugation and incubated at 70°C for 10 minutes for analysis by Western blotting. *In vitro* thermal shift assays were performed by mixing purified recombinant human RRM2 protein (400 ng) with either DHS (10 μM) or HU (500 μM) in binding buffer \[50 mM Tris (pH 8.0), 150 mM NaCl, 10 mM MgCl~2~, 0.5 mM DTT, 30 μg/ml bovine serum albumin (BSA), and Protease Inhibitor Cocktail, Roche\] for 4 hours at 25°C and then incubated at 25, 65, 67, 69, 72, or 71°C for 4 minutes. Proteins were isolated by freezing and thawing twice in liquid nitrogen and then incubated at 70°C for 10 minutes prior to analysis by Western blotting.

*In silico* docking {#S22}
-------------------

Virtual protein docking was performed online at [www.dockingserver.com](http://www.dockingserver.com) \[[@R69]\]. RRM2 protein structure was obtained from the PDB database (2UW2) \[[@R50]\]. Detailed information was provided in [Appendix S1 (Supplementary methods)](#SD1){ref-type="supplementary-material"}.

Co-immunoprecipitation, immunostaining, and BrdU labeling {#S23}
---------------------------------------------------------

Assays were performed as previously described \[[@R70]\].

Xenografts in nude mice {#S24}
-----------------------

The guidelines of the GWU Animal Research Facility and the Institutional Animal Care and Use Committee were followed for all animal experiments in this study. Female athymic nude mice at 6-weeks of age were obtained from the Jackson Laboratory (ME, US). Tumors were induced by inoculating RPK-9 (5×10^6^ cells), HCT116 (3×10^6^ cells), or IGROV1 CR (5×10^6^ cells) suspended in 100 μl of phosphate buffered saline (PBS, pH 7.4) subcutaneously into the hind limb of mice (two tumors per mouse). Treatment of animals began at about 10 to 14 days after cell inoculation. The compound to be tested was dissolved in DMSO/Tween 80/saline (10:10:80; v/v/v) and introduced by intraperitoneal (IP) injection. DHS (50 mg/kg) was injected on 14 consecutive days. Cisplatin (8 mg/kg) was injected twice each week. Gemcitabine (100 mg/kg) was injected three times each week. In combinatorial treatments, DHS was injected 15 minutes before injection of gemcitabine or cisplatin. To monitor tumor formation, the longest and shortest diameters of the tumors were measured using calipers. Tumor volume (mm^3^) was calculated according to the following formula: tumor volume = (length × width^2^)/2. The whole-body weight of each animal was measured to assess the systemic toxicity of the treatments. When the experiment was terminated, hearts, livers, spleens, lung, and kidneys of the sacrificed animals were collected, and tissue slices were stained with hematoxylin and eosin (H&E).
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![Identification of resveratrol and DHS suppressing cancer cells growth. **a** Chemical structures of resveratrol, and its analogs including DHS as well as Analog1 to 5. **b** The IC~50~ (μM) values of indicated compounds against HCT116, U2OS, and MDA-231 cells. **c** The colony formation of HCT116 cells treated with DHS or resveratrol as indicated concentration for 14 days. **d** The GI~50~ (concentration of 50% growth inhibition, μM) values of DHS and resveratrol against various cancer cell lines from results of NCI-60 Human Tumor Cell Lines Screen ([dtp.cancer.gov](http://dtp.cancer.gov)).](nihms-1508493-f0001){#F1}

![DHS induces DNA damage and inhibits cell cycle. **a** Cell-cycle arrested by treatments of DHS or resveratrol at 10 μM for 24 or 36 hours. **b** FACS to detect BrdU incorporation in DHS-treated U2OS cells. **c** Cells were harvested after treated with DHS, resveratrol, and analog1 to 5 for 20 minutes for Western blotting for indicated antibodies. **d** Modified comet assay with alkaline single cell electrophoresis to detect double strand break induced in DHS treated cells. Right panel is the quantification of cells with tail moment. **e** Immunostaining to examine γH2AX in DHS-treated U2OS cells. Lower panels are the quantification of the immunostaining results and Western blotting for γH2AX. **f** Annexin V staining for flow cytometry to analyze populations of apoptotic cells in HCT116 cells treated with DHS or resveratrol.](nihms-1508493-f0002){#F2}

![DHS attenuates dNTP synthesis by downregulating RRM2. **a** Analysis of dATP production in DHS-treated cells. **b** dNTP pool assay to examine the synthesis of dATP, dCTP, dGTP, and dTTP in DHS-treated cells for 2 or 24 hours. **c** Analysis of dATP production in DHS or resveratrol-treated cells. **d** Cells were harvested after treated with DHS or resveratrol at 10 μM for 20 minutes for Western blotting for indicated proteins.](nihms-1508493-f0003){#F3}

![DHS interacts with RRM2. **a** Cellular thermal shift assay to examine interactions of compounds (10 μM DHS, 10 μM resveratrol, 0.5 μM gemcitabine, or 500 μM HU) with RRM1 and RRM2. Cells were treated with 10 μM MG132 for 1 hour followed by 4-hour incubation with compounds before performing thermal shit assay. Low panel is the charts of percentages of non-denatured protein fraction. **b** Cellular thermal shift assay to analyze the interaction of DHS (5, 10, or 20 μM) with RRM2. Low panel is the charts of percentages of non-denatured protein fraction. **c** *In vitro* thermal shift assay to analyze DHS (10 μM) and RRM2 interaction *in vitro*. DHS or HU (500 μM) and 400 ng purified RRM2 were incubated for 4 hours. The aliquots were further incubated at 65, 67, 69, 72, or 75 °C for 4 minutes. Low panel is the charts of percentages of non-denatured protein fraction.](nihms-1508493-f0004){#F4}

![DHS interacts with RRM2 at the ferritin-like superfamily domain. **a** Computational docking of interaction of DHS and RRM2. **b** The scheme of RRM2 protein domains. The ΔRRM2 contains a deletion from Val146 to Ala167. **c** The conserve alignment of RRM2 proteins from various species. **d** Cells were harvested after transfected Flga-RRM2 or Flag-ΔRRM2 plasmid DNA then treated with DHS for Western blotting for Flag-tag proteins and RRM1. **e** Cellular thermal shift assay to analyze DHS (10 μM) binding with Flag-RRM2, Flag-ΔRRM2, or Flag4A-RRM2. Right panel is the charts of percentages of non-denatured protein fraction.](nihms-1508493-f0005){#F5}

![DHS promotes RRM2 degradation through proteasome degradation pathway. **a** Cells treated with 10 μM MG132 for 1 hour followed by 48-hour incubation with 10 μM DHS for Western blotting for RRM1 and RRM2. **b** Western blotting to detect RRM1 and RRM2 protein in RRM1 or RRM2 depleted cells. siGL2 is the control. **c** Cells were transfected with Flag-RRM2 and HA-Ubiquitin. After treated with 10 μM MG132 for 1 hour followed by 48-hour incubation with 10 μM DHS, proteins were immunoprecipitated with Flag beads for Western blotting for ubiquitin, RRM2, and Flag. **d** Western blotting to detect RRM1 and RRM2 protein amount in cyclin F knockdown cells. **e** Cell viability of DHS in RRM2-depleted cells. **f** Proteins were immunoprecipitated with Flag beads from Flag-RRM2 overexpressed cells treated with DHS for Western blotting for RRM1 and Flag.](nihms-1508493-f0006){#F6}

![DHS overcomes gemcitabine and HU resistance by downregulating RRM2. **a** Western blotting to detect RRM1 and RRM2 protein amount in KB, KB-HU, and KB-Gem cells. **b** Synergy assay of DHS combined with HU against KB-HU (upper panel) and DHS combined with gemcitabine and KB-Gem cells (lower panel). **c** KB-HU and KB-Gem cells treated with DHS and/or gemcitabine were harvested for Western blotting for RRM1 and RRM2. **d** Cellular thermal shift assay to examine the interactions of compounds (10 μM DHS, and/or 500 μM HU) with RRM2. Cells treated with 10 μM MG132 for 1 hour and then incubated with indicated compounds for 4-hour before performing thermal shit assay. Low panel is the charts of percentages of non-denatured protein fraction.](nihms-1508493-f0007){#F7}

![DHS overcomes gemcitabine resistance in pancreatic cancer by targeting RRM2. **a** Kaplan-Meier curves of overall survival rate based on clinical and molecular data for pancreatic cancer patients. The patients were stratified by the RRM2 expression levels in their tumors. Medium survival, Log-rank (Mantel-Cox) *p* values and hazard ratios (HR); 95 % confidence interval in parentheses) are shown. Patient information was included in [Supplemental Table 2](#SD1){ref-type="supplementary-material"}. **b** Western blotting to detect RRM1 and RRM2 in gemcitabine resistant lines and their parental lines (PK-9/RPK-9 and PANC-1/PANC-1-R). **c** Synergy assay of combined DHS with gemcitabine against RPK-9 cells (upper panel) and PANC-1-R (lower panel). **d** RPK-9 cells treated with DHS and/or gemcitabine were harvested for Western blotting for RRM1 and RRM2. **e** RPK-9 cells treated as indicated were harvested for FACS analysis to examine the apoptosis. **f** Growth curves of RPK-9 xenograft tumors treated with vehicle, DHS (50 mg/kg IP on days 14 to 28 and 35 to 49), gemcitabine (100 mg/kg IP on days 14, 21, 35 and 49), or DHS plus gemcitabine. Data are represented as means ± SEM, n = 6 mice/group. \*\*\*, *p* \< 0.001 by two-way ANOVA. The lower panel is the photograph of the representative tumors from mice on day 63. Ruler scale is in cm.](nihms-1508493-f0008){#F8}
